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We theoretically study the transport properties in the T-shaped double-quantum-dot structure,
by introducing the Majorana bound state (MBS) to couple to the dot in the main channel. It is
found that the side-coupled dot governs the effect of the MBS on the transport behavior. When
its level is consistent with the energy zero point, the MBS contributes little to the conductance
spectrum. Otherwise, the linear conductance exhibits notable changes according to the inter-MBS
coupling manners. In the case of Majorana zero mode, the linear conductance value keeps equal to
e2
2h
when the level of the side-coupled dot departs from the energy zero point. However, the linear
conductance is always analogous to the MBS-absent case once the inter-MBS coupling comes into
play. These findings provide new information about the interplay between the MBSs and electron
states in the quantum dots.
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I. INTRODUCTION
Quantum transport through quantum-dot (QD)
systems has always been one of the main sub-
jects in the field of condensed matter physics, be-
cause of the fundamental physics and potential ap-
plications of QDs in solid-state physics and quan-
tum computation[1–3]. It is well known that QDs
are characterized by the discrete levels and strong
Coulomb interactions, which induce abundant quan-
tum transport phenomena, including the well-known
resonant tunneling and Kondo resonance[4, 5].
Moreover, multiple QDs can be coupled to form
QD molecules with different geometries. Compared
with the single QD, QD molecules provide multiple
transmission paths for the transport process, and
then the quantum interference plays nontrivial roles
in adjusting the transport properties[6–10]. As a
result, so many interesting results have been ob-
served in the QD-molecule systems, such as the Fano
effect[11, 12], Fano-Kondo effect[13], Aharonov-
Bohm effect[14], Dicke effect[15], and bound states
in continuum[16].
With respect to the QD molecules, the double
QDs (DQDs) are typical, especially the T-shaped
DQDs. In such systems, the side-coupled QD is im-
portant for controlling the transport behaviors. To
be specific, when its level is accordant with the en-
ergy zero point of the whole system, the well-defined
antiresonance comes into being. This result is at-
tributed to the occurrence of the Fano effect[11].
Just for this reason, the T-shaped DQDs have been
proposed as a promising candidate for enhancing the
efficiency of thermoelectric effect[17]. It has been
reported that in such a system, the thermoelectric
figure of merit ZT can be improved to a great degree
by the Fano antiresonance. Besides, by manipulat-
ing the spin degree of freedom of the side-coupled
QD, the high-efficiency spin polarization can be real-
ized. And then, the T-shaped DQD structure is also
a good setup for spintronics[18]. Moreover, some re-
ports have demonstrated that T-shaped DQD geom-
etry is important for observing the two-stage Kondo
effect[19].
The successful realization of the Majorana bound
states (MBSs) introduces the new connotation to the
fundamental physics and applications[20–25]. En-
couraged by their abundant physics, lots of theoreti-
cal groups have dedicated themselves to the research
in this field[26–32]. Various interesting results have
been reported. For instance, when a pair of MBSs
is coupled to the two leads of one circuit, the non-
locality of the MBSs was observed because of the
occurrence of the crossed Andreev reflection[33, 34].
In the junction between a normal metal and a chain
of coupled MBSs, the Andreev reflection behavior
shows odd-even effects[35, 36]. Furthermore, the
transport properties of mesoscopic circuits have been
investigated by considering finite couplings between
the regular bound states and the MBSs, especially
the Majorana zero mode (MZM)[37]. It has been
demonstrated that the MZM affects the conduc-
tance through the noninteracting QD by giving rise
to the sharp decrease of the conductance by 12 [38–
40]. When the MZMs are indirectly coupled to the
leads via QDs, the local and crossed Andreev reflec-
tions can be controlled by shifting the QD levels.
This realizes the controllable nonlocal transport of
MZMs[41, 42]. In addition, the MZMs have been
found to make nontrivial contributions to the elec-
tron correlations[43, 44].
In view of the properties of the T-shaped DQDs
and MBSs, we consider that quantum transport
through the T-shaped DQD structure with side-
coupled MBSs is certain to exhibit abundant and
interesting results. This expectation has obtained
the first-step verification[45]. Following this research
progress, in this work we aim to investigate the
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2FIG. 1: Schematic of a T-shaped DQD structure with
the QD in the main channel coupling to MBS-1 (labeled
as η1). The MBSs are assumed to form at the end of the
one-dimensional nanwire with strong spin-orbit interac-
tion and superconducting proximity effect.
transport behaviors in the T-shaped DQD system
with one MBS coupling laterally to the QD in the
main channel. The calculation results show that the
side-coupled QD still play its important role in gov-
erning the transport property, regardless of the pres-
ence of the MBS. To be concrete, when the level of
the side-coupled QD is consistent with the energy
zero point, the MBS will decouple from the T-shaped
DQDs and makes zero contribution to the conduc-
tance spectrum. Otherwise, the linear conductance
exhibits different properties according to the inter-
MBS coupling manners. In the case of MZM, its
magnitude keeps equal to e
2
2h when the level of the
side-coupled QD departs from the energy zero point.
However, once the inter-MBS coupling appears, it is
always the same as the MBS-absent case.
II. THEORETICAL MODEL
Our considered T-shaped DQD structure is il-
lustrated in Fig.1, in which one MBS is supposed
to couple to the QD in the main channel. The
Hamiltonian of the whole system is written as H =
HC + HDM + HT . HC is the Hamiltonian of the
leads, HDM denotes the Hamiltonian of the QDs,
MBSs, as well as their couplings. Each part is given
by
HC =
∑
α=L,R;kσ
εαkc
†
αkσcαkσ, (1)
HDM =
∑
jσ
εjd
†
jσdjσ +
∑
σ
(t0d
†
1σd2σ + h.c.)
+
∑
j
Uj nj↑nj↓ + imη1η2 + (λd1↑ − λ∗d†1↑)η1. (2)
c†αkσ (cαkσ) is to create (annihilate) an electron in
state |kσ〉 of lead-α. d†jσ (djσ) is the creation (anni-
hilation) operator for QD-j. εj denotes the level of
QD-j, and t0 is the interdot coupling coefficient. Uj
denotes the intradot Coulomb interation strength.
Next, ηj is the Majorana operator, and λ represents
the coupling magnitude between QD-1 and MBS-1.
For the expression of HT , it takes the form as
HT =
∑
αkσ
Vαkc†αkσd1σ + h.c., (3)
in which Vαk represents the QD-lead coupling coef-
ficient.
We next proceed to calculate the current pass-
ing through our system. The current flow in lead-
α can be defined as Jα = −e〈 ˙ˆNα〉 with Nˆα =∑
kσ c
†
αkσcαkσ. Using the Heisenberg equation of
motion, the current can be rewritten as Jα =
−e∑kσ[VαkG<1α,σ(t, t) + c.c], where G<1α,σ(t, t′) =
i〈c†αkσ(t′)d1σ(t)〉 is the lesser Green’s function. With
the help of the Langreth continuation theorem and
the Fourier transformation, we have[46]
Jα =
e
h
∫
dETr{Γαe [(Gr −Ga)fαe(E) +G<]}, (4)
in which fαe(E) is the electronic Fermi distribu-
tion in lead-α. Gr,a,< are the retarded, advanced,
and lesser Green’s functions in the Nambu repre-
sentation, which are defined as Gr(t, t′) = −iθ(t −
t′)〈{Ψ(t),Ψ†(t′)}〉 and G<(t, t′) = i〈{Ψ†(t′)Ψ(t)}〉
with Ga = [Gr]†. The field operator is given by
Ψ = [d1↑, d
†
1↑, d2↑, d
†
2↑, η1, η2; d1↓, d
†
1↓, d2↓, d
†
2↓]
T . Γαe
is the linewidth matrix function of the metallic lead,
which describes the coupling strength between the
lead and the QDs. If the lead is manufactured by
two-dimensional electron gas, the elements of Γαe will
be independent of energy.
It is certain that for calculating the current, one
must obtain the expressions of the retarded and
lesser Green’s functions. The retarded Green’s
function can be obtained from the Dyson’s equa-
tion. After a straightforward derivation, the re-
tarded Green’s function in the noninteracting case
can be written out, i.e.,
[Grσ(E)]
−1 = EIσ −HDM,σ + i
2
Γ, (5)
where
HDM,↑ =

ε1 0 t0 0 −λ∗ 0
0 −ε1 0 −t∗0 λ 0
t0 0 ε2 0 0 0
0 −t0 0 −ε2 0 0
−λ λ∗ 0 0 0 im
0 0 0 0 −im 0
 (6)
and
HDM,↓ =

ε1 0 t0 0
0 −ε1 0 −t∗0
t0 0 ε2 0
0 −t0 0 −ε2
 . (7)
In our system, [Γ]jl =
∑
α([Γ
α
e ]jl + [Γ
α
h ]jl),
and Γαe and Γ
α
h are respectively defined as
Γαe,jl = 2piδj1δl1
∑
k |Vαk|2δ(E − εk) and Γαh,jl =
32piδj2δl2
∑
k |Vαk|2δ(E + εk). Within the wide-band
approximation of the lead, we will have Γαe,11 =
Γαh,22. G
a can be solved via the relationship Ga =
[Gr]†. In this work, we mainly pay attention to the
case of left-right symmetry, i.e., Γαe,11 = Γ0.
As for the lesser Green’s function, it can be de-
duced by using Keldysh equation G<σ = G
r
σΣ
<Gaσ,
where
Σ< =
 Σ
<
11 0 · · ·
0 Σ<22
...
. . .
 . (8)
with Σ<11 = iΓ
L
e,11fLe + iΓ
R
e,11fRe and Σ
<
22 =
iΓLh,22fLh + iΓ
R
h,22fRh.
When the intralevel Coulomb interaction is incor-
porated, the Green’s function should be managed
within approximations for its solution. In general,
the Hubbard-I approximation is feasible to solve the
retarded Green’s function Gr if the electron corre-
lation effect is relatively weak[47]. And then, the
only change of the Green’s function matrix is mainly
manifested as the expression of the QD’s part, i.e.,
[Grσ(E)]
−1 = (EIσ −HDM,σ)Rσ + i
2
Γ, (9)
where Rje(h),σ = E∓εj∓UjE∓εj∓Uj±Uj〈njσ¯〉 . 〈njσ¯〉 is the
average electron occupation number expressed as
〈njσ〉 = − i2pi
∫
dωG<jj,eσ(E).
After the derivation above, the electronic current
in the case of left-right symmetry can be given as
J =
e
h
∫
T (E)[fLe − fRe]dE, (10)
in which T (E) =
∑
σ Tσ(E) = −Γ0
∑
σ ImG
r
dd,eσ
is the transmission function. In the case of zero
temperature limit, the current formula can be reex-
pressed, yielding J = eh
∫ eVb
2
− eVb2
T (E)dE. It is evident
that T (E) is the most critical quantity to evaluate
the electronic current. In the noninteracting case,
we are allowed to write out the analytical expres-
sion of it.
By solving the retarded Green’s function matrix
in Eq.(5), we obtain the expression of Grdd,eσ and the
resulting transmission function in the noninteracting
case, i.e.,
T↑(E) =
Γ20(E − ε2)2
|det[Gr↑]−1|2
{(E2 − 2m)2(E + ε2)2Γ20
+[(E2 − 2m)(E + ε1)(E + ε2)− (E2 − 2m)t20
+E(E + ε2)λ
2]2}; (11)
T↓(E) =
Γ20(E − ε2)2
|det[Gr↓]−1|2
{[(E + ε1)(E + ε2)− t20]2
+(E + ε2)
2Γ20}, (12)
where t0 and λ have been assumed to be real. Fol-
lowing these results, the differential conductance can
be discussed because it is defined as
Gdif =
∂J
∂Vb
=
e2
2h
[T (E =
eVb
2
) + T (E = −eVb
2
)]. (13)
Note that at equilibrium, the chemical potential µ
in the metallic leads has been considered to be the
energy zero point.
On the other hand, at the zero-bias limit, the cur-
rent formula can be approximated as J = G · Vb. G,
the linear conductance, is also important for describ-
ing the transport properties, defined as
G = e
2
h
T (E = 0). (14)
From Eqs.(11)-(12), the expressions of Tσ(E = 0) is
written as
T↑(E = 0) =
Γ20ε
2
2[(ε1ε2 − t20)2 + Γ20ε22]4m
|det[Gr↑(E = 0)]−1|2
,
T↓(E = 0) =
Γ20ε
2
2[(ε1ε2 − t20)2 + Γ20ε22]
|det[Gr↓(E = 0)]−1|2
. (15)
In both cases, the current properties can be clarified
by calculating the transmission function.
Next, if the Coulomb interaction is much greater
than the other structural parameters, the electron
correlation has an opportunity to modulate the elec-
tron transport properties. In the finite-U case, it
is feasible to employ the NRG method to perform
discussion[48, 49]. And note that the formula of the
linear conductance is still effective for the NRG cal-
culation.
III. NUMERICAL RESULTS AND
DISCUSSIONS
In this section proceed to investigate the trans-
port properties in the T-shaped DQD structure with
additional side-coupled MBSs. In order to present
the complete analysis, we would like to concentrate
on the differential conductance Gdif and the linear
conductance G, respectively, since they describe the
transport properties from different aspects. For cal-
culation, the level of QD-1 is fixed with ε1 = 0, and
the temperature of the system is assumed to be zero
as well. As for the Coulomb strength, we would
like to consider the noninteracting case, weak- and
strong-Coulomb cases, respectively.
A. Noninteracting case
To describe the basic physics picture of this sys-
tem, we start with the noninteracting case by taking
Γ0 = t0 = 0.5. Fig.2 shows the spectra of the spin-
up component of the differential conductance in the
case of MZM, since the MZM is assumed to couple
to the spin-up states in QD-1. For comparison, the
spin-down conductance is also shown in the insert of
Fig.2(a). The coupling between the MZM and QD-1
is taken to be λ = 0.1, 0.3, and 0.5, respectively. In
Fig.2(a) where ε2 = 0, 0.1, 0.3, and 0.5 with λ = 0.1,
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FIG. 2: Spin-up components of the differential conduc-
tance when the MZM couples to QD-1. (a)-(c) Results
of ε2 from zero to 0.5 when the MZM-QD coupling coef-
ficient is taken to be 0.1, 0.3, and 0.5. The insert of (a)
shows the result of the down-spin component.
we see that at ε2 = 0, two peaks exist in the con-
ductance spectrum in the vicinity of eVb = ±1.0,
with one antiresonance point at the zero-bias limit.
It is evident that the conductance is identical with
the spin-down component, as shown in the insert
of Fig.2(a). When the level of QD-2 departs from
the energy zero point, e.g., ε2 = 0.1, the antireso-
nance transforms into one peak, and its magnitude
is 12 high (in unit of
e2
h ). With the increase of ε2,
the whole conductance spectrum is suppressed ac-
cordingly, accompanied by the appearance of more
conductance peaks. In this process, the zero-bias
conductance value is robust, but its corresponding
peak is merged following the disappearance of the
conductance valley. Next, Fig.2(b)-(c) show the re-
sults of λ = 0.3 and 0.5, respectively. One can read-
ily find that at ε2 = 0, the conductance zero can
still be observed at the zero-bias limit. However, the
conductance peaks in the high- and low-energy re-
gions are split and suppressed following the increase
of λ. In addition, we see that increasing ε2 or λ
induces the effect similar to the widening of the con-
ductance peaks at the zero-bias limit. These results
indicate that when one MZM is coupled to the QD
in the main channel of the T-shaped DQD circuit,
it contributes to the quantum transport in different
ways when the level of the side-coupled QD coin-
cides with or departs from the energy zero point.
To be concrete, when the level of side-coupled QD
is fixed at the energy zero point, the low-bias con-
ductance spectra are analogous with the result in
the absence of MZM. Otherwise, if ε2 is not equal
to zero, the influence of the MZM will become ap-
parent, i.e., manifested as the existence of halved
zero-bias peak.
From of Eq.(11) and Eq.(13), the results in Fig.2
can be clarified. For ε1 = m = 0,
T↑(E) =
Γ20(E − ε2)2
D [E
2t40 − 2t20E(E + ε2)(E2 − λ2)
+(E + ε2)
2(E4 + 2λ4 + E2Γ20 − 2E2λ2)], (16)
with D = E2t80 − 4t20(E2 − ε22)E2(E2 − λ2)(E2 +
Γ20 − 2λ2) − 4t60E2(E2 − λ2) + (E2 − ε22)2(E2 +
Γ20)[(E
2−2λ2)2+E2Γ20]+2t40E2[3E4+2λ4+E2(Γ20−
6λ2) − ε22(E2 − Γ20 − 2λ2)]. In the case of ε2 = 0,
T↑(E) = 12 [
E2Γ20
(E2−t20)2+E2Γ20 +
E2Γ20
(E2−t20−2λ2)2+E2Γ20 ]. In
the limit of E → 0, the transmission is weakened
to be zero completely. And then, the antiresonance
is robust and independent of the structural param-
eters. In addition, the above equation helps us to
understand the four-peak structure of the conduc-
tance spectrum in this case. When E = ±t0 or
±
√
t20 + 2λ
2, T↑(E) will reach its maximum. In fact,
we find from Eq.(6) that in the presence of MZM
and ε2 = 0, the QD molecule should possess five
eigenlevels. Except the four above, another level is
located at the energy zero point. This can be ver-
ified by solving the Hamiltonian HDM,↑ as follows.
In the presence of MZM, HDM,↑ is simplified to be
five-dimensional matrix, i.e,
HDM,↑ =

ε1 0 t0 0 −λ∗
0 −ε1 0 −t∗0 λ
t0 0 ε2 0 0
0 −t0 0 −ε2 0
−λ λ∗ 0 0 0
 . (17)
The eigenvalues are E1 = 0 and En 6=1 =
±1√
2
√
ε21 + ε
2
2 + 2(t
2
0 + λ
2)±√∆ with ∆ = (ε1 +
ε2)
2[(ε1 − ε2)2 + 4t20] + 4(ε21 − ε22)λ2 + 4λ4. It shows
that one zero-energy state exists in this case, in-
dependent of the tuning of the structural parame-
ters. It is surely the antiresonance effect that elim-
inates its corresponding conductance peak. Alter-
natively when the level of QD-2 departs from its
zero value, the antiresonance vanishes and the zero-
bias conductance peak comes into being. One can
readily find in Eq.(14) that in the case of E → 0,
T↑(E) =
2Γ20ε
4
2λ
4
4Γ20ε
4
2λ
4 =
1
2 . Therefore, once the level
of the side-coupled QD tunes away from the energy
zero point, one peak is certain to arise at the zero-
energy limit with its magnitude being 12 when one
MZM is presented to couple laterally to the QD in
the main channel.
To uncover the conductance transition caused by
the change of the nonlocality of the MBSs, we would
like to evaluate the conductance properties in the
presence of MNM where nonzero inter-MBS cou-
pling appears. The numerical results are shown in
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FIG. 3: Spin-up component of the differential conduc-
tance in the MNM case with m = 0.1 and 0.5, respec-
tively. (a)-(b) Results of m = 0.1 with λ = 0.1 and 0.3.
(c)-(d) Conductance of m = 0.5.
Fig.3. Firstly, the results of weak inter-MBS cou-
pling, e.g., m = 0.1, are shown in Fig.3(a)-(b). The
coupling between QD-1 and MBS-1 is taken to be
λ = 0.1 and 0.3, respectively. It can be clearly
found that the MNM contributes to the quantum
transport in an alternative way. Compared with
the results in Fig.2(a)-(b), the leading conductance
spectra are similar to the case of MZM. The no-
table change is that the zero-bias conductance peak
splits into two in the presence of finite inter-MBS
coupling. Accordingly, two peaks appear on the two
sides of eVb = 0, the distance of which is related to
the inter-MBS coupling. Note that in this case, the
peak heights are proportional to the QD-MBS cou-
pling, especially for ε2 close to zero. As for the role of
QD-2, it shows that with the increase of ε2, the con-
ductance peaks in the low-bias region are enhanced
and widened gradually. This result can be explained
as follows. When the level of QD-2 departs away
from the energy zero point, the destructive effect of
the transport process becomes weak, and then the
MBSs play the dominant role. Fig.3(c)-(d) show the
conductance spectra of strong inter-MBS coupling,
i.e., m = 0.5. It can be seen that the role of the side-
coupled QD is accordant with the case of m = 0.1,
but the conductance peaks vary in the other way. As
shown in Fig.3(c) where λ = 0.1, the conductance
dips appear around eVb = ±1.0 with the increase of
ε2. And when ε2 = 0.5, the conductance dip changes
to be the antiresonance point. Next, when the QD-
MBS coupling increases, e.g., λ = 0.3, similar results
can be found. The difference is that increasing the
QD-MBS coupling causes a more apparent peak-to-
dip phenomenon. At ε2 = 0.5, the antiresonance
also has the opportunity to occur with the wider
antiresonance valley.
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FIG. 4: Linear-conductance curves in different cases. (a)
Spin-down result of the linear conductance. (b)-(d) Spin-
up conductance in the cases of m = 0, 0.1, and 0.5.
We next analyze the above result with Eq.(11).
It also shows that in the presence of the MNM, the
transmission function of ε2 = 0 is given as
T↑(E) =
E2Γ20(A+ B)
[(E2 − t20)2 + E2Γ20](A+ 2B)
(18)
with A = (E2 − 2m)2[(E2 − t20)2 + E2Γ20] and B =
E2λ2[2(E2 − 2m)(E2 − t20) + E2λ2]. Based on this
result, the zero-bias antiresonance can be well un-
derstood. Besides, one can see that in the case of
ε1 = 0,
T↑(E) =
Γ20(E − ε2)2
|det[Gr]−1|2 {(E
2 − 2m)2(E + ε2)2Γ20
+[(E2 − 2m)(E2 + Eε2 − t20) + (E2 + Eε2)λ2]2}.
(19)
This exactly means that under the condition of
ε2 = m, the antiresonance is allowed to occur at
the position of E = ±m. We then understand the
double-antiresonance phenomenon co-influenced by
the side-coupled QD and MNM.
Considering the differential conductance proper-
ties modified by the MBS, we would like to plot
the linear conductance spectra by taking eVb → 0.
The numerical results are shown in Fig.4. Here we
61e
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2h
1h
Lead Le Lead Re
Lead RhLead Lh

1

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FIG. 5: Spin-up illustration of our considered T-shaped
DQDs in the Nambu representation. The electron and
hole parts of the QDs and the MBS part are colored
differently for comparison.
also present the spin-down result for comparison [see
Fig.4(a)], which has been well-known during the past
years. In Fig.4(b) it can be found that in the pres-
ence of MZM, the conductance plateau encounters
its dip in the critical case of ε2 = 0, whereas its value
remains at 12 throughout the energy region. As for
the change of QD-MZM coupling, it plays a trivial
role in modifying the conductance spectrum. Such a
result can be proved from the expression of T↑(E) in
Eq.(16). Instead, in the case of MNM, the conduc-
tance profile becomes more dependent on the shift
of the level of QD-2, as shown in Fig.4(c)-(d). What
is notable is that the conductance value does equal
to zero in the case of ε2 = 0. And moreover, the
conductance results are independent of the changes
of QD-MBS and inter-MBS couplings. Following a
straightforward derivation, we get the expression of
T↑(E = 0) in the MNM case with E = 0,
T↑(E = 0) =
ε22Γ
2
0
(t20 − ε1ε2)2 + ε22Γ20
. (20)
This result is irrelevant to the parameters M and
λ. Meanwhile, it is the same as that of T↓(E = 0).
Therefore, for the MNM case, the MBSs become de-
coupled from the QD in the main channel in the zero-
bias limit. Up to now, we find that in this T-shaped
DQD structure, the role of the MBSs is tightly de-
pendent on the side-coupled QD. As a typical case
with ε2 = 0, the signature of the MBSs can be sup-
pressed completely.
Next, we present an explanation about the MBS-
assisted transport results. To begin with, we plot the
schematic of this system in the Nambu representa-
tion, as shown in Fig.5. It is not difficult to find
that in this representation, our considered structure
is just transformed into the geometry of three T-
shaped parts coupling serially, i.e., the electronic and
hole parts of the DQDs and the MBS part, respec-
tively. Therefore, the characteristic of the T-shaped
meso-structure certainly plays its role in governing
the transport behaviors. Namely, the side-coupled
part induces the destructive quantum interference.
We then perform discussions following this idea. The
first step is to write out the expression of the re-
tarded Green’s function, i.e.,
Grdd,e↑ =
1
E − ε1 + iΓ0 − t
2
0
E−ε2+i0+ − λ2Gr11
, (21)
where Gr11 is the retarded Green’s function of MBS-
1, defined as
Gr11 =
1
E + i0+ − 2mE+i0+ − λ
2
E+ε1+iΓ0− t
2
0
E+ε2+i0
+
.
In Eq.(21), it can be found that the role of QD-
2 is indeed dominant. In the case of E = ε2,
Grdd,e↑ will get close to zero and the transmission
is forbidden, independent of the presence of MBSs.
The underlying reason should be attributed to the
completely destructive interference effect induced by
the side-coupled QD. Such a result is surely helpful
in clarifying the results of the differential conduc-
tance. In the case of ε2 = 0, the zero-bias peak
is eliminated. Also, note that under the condition
of E = −ε2, the hole state of QD-1 will decouple
from MBS-1 since its corresponding Green’s func-
tion Grdd,h↑ → 0. In this case, the destructive inter-
ference effect of MBS-2 is clearly observed. And if
m = ε2, G
r
11 will be equal to infinity. This means
that the MBSs contribute to the destructive inter-
ference effect during the electron transmission pro-
cess. Therefore, we can understand the results in
Fig.3(c)-(d). On the other hand, when focusing on
the result of E = 0, we see that if m 6= 0, there
will be Gr11 = 0. And then, the effect of the MBSs
disappears, irrelevant to the change of the QD-MBS
and inter-MBS couplings. In the presence of MZM,
Gr11(E → 0) ≈ −[E + ε1 + iΓ0 − t
2
0
E+ε2+i0+
]/λ2, and
Grdd,e↑(E → 0) ≈ 1/2[iΓ0 − t
2
0E
E2−ε22 ]. Surely, once the
level of QD-2 departs from the energy zero point, its
impact on Grdd,e↑(E → 0) will be erased completely.
All these results contribute to the understanding of
the linear conductance properties.
B. Weak-Coulomb case
Following the noninteracting results, we next
incorporate the intradot Coulomb interaction to
present the modification of the noninteracting re-
sults. If the electron correlation effect is relatively
weak, the Hubbard-I approximation is feasible to
deal with the Coulomb terms in the Hamiltonian
for solving the Green’s functions. It is known that
the leading effect of the Hubbard-I approximation is
to induce the level splitting of the QDs, i.e., from εj
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FIG. 6: Coulomb effect on the differential conductances
of the T-shaped DQDs with MBSs. The Coulomb
strength increases from 0.1 to 1.0. (a)-(b) Results of
MZM with ε2 = 0.3 and 0.5 with λ = 0.3. (c)-(d) Cor-
responding results of MNM with m = 0.3.
to εj and εj + Uj . Thus, it can be anticipated that
the quantum transport results in this system will
be complicated by the Coulomb repulsions in the
QDs. In Fig.6, we plot the differential conductance
spectra modified by the electron electrons, where the
Coulomb strengths in the QDs are supposed to be
the same, i.e., Uj = U . For the structural param-
eters, we take ε1 = 0 and λ = 0.3. The results
of MZM are shown in Fig.6(a)-(b), where ε2 = 0.3
and 0.5, respectively. It is found that for the weak
Coulomb strength, e.g., U ≤ 0.2, the conductance
peak of the zero-bias limit splits into three. How-
ever, the central peak is still localized at the zero-
bias limit and its magnitude remains at 12 . When the
Coulomb interaction is further enhanced, the con-
ductance peaks increase and move in the repulsive
way. And then, the zero-bias peak becomes clear
again with the invariant magnitude. Next in the
presence of MNM, the change manner of the con-
ductance peaks is similar to the case of MZM, as
shown in Fig.6(c)-(d). The notable result is that re-
gardless of the increase of Coulomb interaction, the
antiresonance positions in the conductance spectrum
are robust in the situation of ε2 = m.
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FIG. 7: Linear conductances of our considered T-shaped
DQDs in the presence of Coulomb interaction. (a)-(b)
Results of MZM with λ = 0.3. (c)-(d) Opposite-spin
conductances in the case of MNM with m = 0.5.
In Fig.7, we plot the linear conductance curves
when the intradot Coulomb interactions are incor-
porated. The uniform Coulomb strength in the QDs
is taken to be 0.1, 0.2, and 0.5, respectively. For
the case of MZM, Fig.7(a) shows that the electron
interactions in the QDs induce new dips in the con-
ductance spectrum at ε2 = ±U . This surely arises
from the level splitting caused by the Coulomb re-
pulsion within the Hubbard-I approximation. In ad-
dition, we readily see that the leading result in the
noninteracting case remains, since the conductance
magnitude keeps equal to 12 throughout the energy
region. On the other hand, the spin-down conduc-
tance exhibits the alternative result, as shown in
Fig.7(b). The conductance magnitude varies with
the change of ε2, and at ε2 = 0 the antiresonance
phenomenon occurs. In such a case, the Coulomb
interaction leads to the appearance of the subpeak
near the antiresonance point, the distance of which
depends on the Coulomb strength. Next, Fig.7(c)-
(d) show the results of MNM with m = 0.5. We find
that the opposite-spin components of the linear con-
ductance are similar to each other, especially in the
weak-Coulomb limit. Thus, despite the Coulomb in-
teraction, the MBS tends to decouple from T-shaped
DQDs. Next, the difference between the opposite-
spin conductances begins to appear gradually, with
the enhancement of Coulomb interaction. And they
exhibit different oscillations when U = 0.5. The un-
derlying reason should be attributed to the different
spin occupations in the QDs due to the coupling of
the MBSs to the spin-up state. Up to now, we have
known the transport properties in this structure in
the case of weak Coulomb interaction. That is in
the weak-correlation regime, the interplay between
8the side-coupled QD and the MBS is basically accor-
dant with the noninteracting case in modifying the
differential conductance properties.
C. Strong-Coulomb case
When the Coulomb repulsion strengths in the QDs
are much larger than the other parameters, the elec-
tron correlation effect, interpretively the Kondo ef-
fect, will come into being if the QD levels are below
the Fermi level. In such a case, the Hubbard-I ap-
proximation is not effective any more, so we have to
choose the more accurate method. According to the
previous works, the NRG method is the promising
candidate for describing the electron correlation[50].
Thus in this part, we would like to use the NRG
method further investigate the transport behaviors
by considering the cases of U1 = 0 and Uj = U ,
respectively. For calculation, we have to define the
other energy unit, i.e., the bandwidth of the leads
D.
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FIG. 8: Linear conductances of our considered T-shaped
DQDs with MBSs, due to the side-coupled QD in the
Kondo regime. (a)-(b) Opposite-spin conductances of
MZM with λ = 0.1D. (c)-(d) Results in the case of
MNM with m = 0.05D.
In Fig.8, we take the first case to plot the linear
conductance spectra when strong Coulomb interac-
tion exists in the side-coupled QD. With respect to
the relevant parameters, we assume tc = λ = 2Γ0 =
0.1D, U2 = D, and δ2 = ε2 +
U2
2 . In this figure, it
can be readily found that following the shift of the
level of QD-2, the structures of the opposite-spin
conductances are basically analogous to the nonin-
teracting results. The main difference is that the
conductance spectra are symmetric about the point
δ2 = 0. Firstly for the MZM, Fig.8(a)-(b) show that
the spin-up conductance magnitude always keeps
equal to 12 with the change of δ2, except the dip
at the point of δ2 = 0. By contrast, the spin-down
conductance exhibits the wide antiresonance valley
in the region of δ2 ≤ 0.5D. Out of such a region,
the conductance magnitude rises up following the
increase of |δ2|. Surely, the conductance suppression
originates from the contribution of the Kondo effect
induced by the side-coupled QD. When the Kondo
physics occurs, the spin-down electron in the main
channel correlates with the spin-up electron in QD-
2 to build the spin singlet, which inevitably weak-
ens the electron transport. However, for the spin-
electron electron, it couples to the MBS and does not
suffer from the influence of the side-coupled QD, so
the conductance plateau appears. Next Fig.8(c)-(d)
show the results of finite inter-MBS coupling. We see
that both of the opposite-spin conductances exhibit
the similar variation manners, and the wide antires-
onance valleys appear in the conductance spectra.
This exactly means that the MBSs are decoupled
from the T-shaped DQD system in the case of finite
inter-MBS coupling.
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FIG. 9: Linear conductances of the T-shaped DQDs with
strong Coulomb interaction in the QDs. (a)-(b) Results
of MZM with λ = 0.1D. (c)-(d) Conductances in the
presence of MNM with m = 0.05D.
Next, we consider the more complicated case
where Uj = U = D, and plot the conductance
spectra in Fig.9. In Fig.9(a)-(b), it shows that
in the MZM case, the spin-up conductance is also
manifested as the conductance plateau except at
δ2 = 0, and the spin-down conductance encounters
the clear zero value in the regions of δ2 ≤ 0.5D. We
then ascertain that the Coulomb interaction in QD-
1 play few roles in modifying the transport results
driven by the MZM. And the leading physics pic-
tures are very close to those in Fig.8(a)-(b), respec-
tively. The noteworthy phenomenon is that when
the inter-MBS coupling comes into being, the con-
ductance undergoes obvious change compared with
the results in Fig.8(c)-(d). To be concrete, the spin-
9up conductance only exhibits two peaks at the points
of δ2 = ±0.5D, where the spin-down conductance is
almost suppressed completely.
Finally, we would like to make a remark about
the Kondo effect on the transport behaviors in this
structure. When the Coulomb strength of the side-
coupled QD increases to infinity, the transport re-
sult can be described qualitatively. According to
the slave-boson mean field theory, in such a case the
renormalized Kondo level of the side-coupled QD is
accordant with the chemical potential, i.e., the en-
ergy zero point at the zero-bias limit. This allows us
to expect the zero-bias transport result. Namely, the
side-coupled QD will dominate the electron trans-
mission by inducing the destructive interference. Re-
gardless of MZM of MNM, the MBSs will decouple
from the T-shaped DQDs.
IV. SUMMARY
In summary, we have performed studies about the
transport properties in the T-shaped DQD struc-
ture, by introducing the MBSs to couple to the QD
in the main channel. As a result, it has been found
that the influence of the MBS is tightly determined
by the level of side-coupled QD. One of typical re-
sults is that when the side-coupled QD level is tuned
to the energy zero point, the MBS tends to decouple
from the DQDs since it contributes little to the con-
ductance spectrum. Otherwise, the linear conduc-
tance exhibits clear changes according to the inter-
MBS coupling manners. In the presence of MZM,
the linear conductance value keeps equal to e
2
2h when
the level of the side-coupled QD is away from the
energy zero point. Nevertheless, the linear conduc-
tance is always identical with the MBS-absent case
once the inter-MBS coupling takes place. Therefore,
different from the other QD systems, the MBS sig-
nature depends on the side-coupled QD perticularly.
This work provides new content for describing the
interplay between the QD and MBSs in the meso-
scopic circuit.
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